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AN INVESTIGATION OF THE EFFECY OF BLADE CURVATURE
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SUMMARY i T

Three centrifugel impellers, the same except for angular blade
curvature, wore investigated to determine the effect of the distribu-
tion of blade loading on lmpeller performance. The blade curvatures
are geometrically definable shapes and the differences in blade
loading were compared on the dasis of particle travel with conetant
axial velocity along the blade surface. Impaller A hae & pardbolic '
blade curvature and a constant blade loading. Impeller B has an
elliptical blade curvature with a loading that decreases with
increasing impeller depth and that has & higher initial value than
that of impeller A, Impeller C has a circular blade curvature with
the highest inltial blade loading, which also decreased with
increasing impeller depth. The blade curvatures of impellers A
and B extend the full depth of the impellers; the blade curvatbure
of impeller C extends 0,60 of the impeller depth. The blades of
impeller C have a 7.5° forward inclinetion at the impeliler discharge.
The three Impellers were investigated with a vaneless diffuser in
& varisble-compconent compressor test rig wilth the same conditions -
and instrumentation,

Impeller B had the hlghest psak adiasbatlc efficiency at all
edulvalent tlip speeds except 1400 and 1600 feet per second.
Impeller C had the lowest peak adiabatlic efficlency of all three
impellers at equlvalent tip speeds above 10C0 feet per secormd but
the largest slip factor of all three impellers at all equivalent
tip speeds. Thne variatlion of pressure ratlo at peak adlabatic
efficiency with equivalent tip speed was more nearly the sams for
the three impellers than the variation of slip factor and peak
adlasbatlc efficlency. Impeller C had the largest maximum specific

capacity at all sneeds; impeller B had nearly the same meximum o

specific capacity as impeller C; and impeller A had from 6 to 11 per-
cent lower maximum specific capacity than impellér C. Impeller B
had the largest operating range above an adlabatic efficlency of

0.70 at a pressure ratlo of 1,80, and impeller A had the largést
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cperating range above an adiabatic efficlency of 0,70 from pressure
ratios of 2.20 to 3,00. Impeller C had the smallest operating

range above 0.70 adiabatic efficlency at all pressure ratios between
1.80 and 3.00.

INTRODUCTION -

An investigation has been made of the performance of threse
centrifugal-type impellers to determine the effect of three different
digtributions of blade loading on the efficliency, the pressure ratio,
the flow capacity, and the rangs. The three Impellers have the same
Inner and outer dlameters and the same dlstributlons of-curvature
over the front and rear shrouds. The leading edges of the thres
impellers were designed to have shocklegs entry at the sames aly flows
and impeller speeds. The variations in blade loading were achleved
by different distributions of the curvature of the cylindrical
surfaces generating the blades., These impellers, being of the same
external geometry, were tested in the same installation.

This investigation is a continuation of the research presented
in refesrences 1 and 2. Ths scope of the inveetlgation reported in .
thess reports, however, was limited to that type of impsller in
whlch the angular velocity of the air i1s acceierated to the angular
velocity of the ilnpellsr before any appreciable campression by
centrifugal force 1s allowed. The blade loading in the inlet—sectlon,
or Inducer, is thus high, owing to the large angular accelerations
imparted to the alr. As the flow proceeded through the iInlet sectlon,
the angular velocity of the alr approached that of the impeller, and
the blade loading suddenly decreased.

It was feared that this sudden reduction in blade loading at the
end of the inlet section caused lrretrievable pressure losses ) -
regulting from flow separation. These losses can be lessensd or even
prevented by insuring that no sensible reductlon in angular accelera-
tion occurs before the Coriolls acceleration, resulting from an
increase in the radius of rotation, 1s well developsd.

The curvature of the blade surfaces for one of the impellera of
the present investigation is of the same type as those of the Inducers
reported in reference 1. The curvature is distributed continucusly
throughout the entire depth of the impeller; and, at each point with-
in the impeller, angular and Coriolis accelerations were simultaneously
imperted to the air., The curvaturs of the frort and rear shrouds
was designed to avold any abrupt changes in blade loading. The other _
two impellers were designed to have successively increassing blade
loadings near the impeller inlet.
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Thls report presents a comparison of the performance of the
three impellers over a range of tip gpeeds and volume flows. The
verformance charactarlgtics comparsed include the efficlency, the

glip factor, the maximum flow capacity, the range of flow, and the
pressure ratlo.

IMPELLER TESIGN

Egch of the three impellers used in this investigation has
18 blades, the same blade-ontrance angles, and the same entrance
and discharge diameters. The blade-entrance angle is defimed as
the complement of the acute angle between blades at the entrance
edge and a plane perpendicular to the axisg of rotation. The blade~
entrance angle for each of these impellers is 60° at the blade tip
and the tangent of the angle varies linearly with impeller radius.

An axial-plane section for the three impsllers (A, B, and C),
with the pertinent dimensions given, is shown in figure 1., TImpel-
lers A and B have a radial entrance edge and impeller U has an
entrance edge that deviates from the othere as shown by the dotted
line in figure 1. The indicated difference in the entrance edge
of impeller C from that of impellers A and B is the result of the -
necesgity for keepling the entrance angles of all three impellers
the same at all radii. The entrance edges of all three lmpellers
were sharpeuned to & maximum radius of 0.024 inch. Front views of
impellers A, B, and C are shown in figure 2.

The blade curvature of impeller A is illustrated in figure 3.
Figure 3(a) shows a cylindrical section that has a diameter equal
to the outside diameter of the impeller and a length equal to the
axial length of the impeller. The blade surface (shaded) consists
of radial elements and the intersection of the cylinder with the
blade surface definss the blade curvature. The portion of the
blade surface used by the impeller is shoyn in figure 3(b). The
bounding axial-plane curvatures were chosen to.prevent excessive
adverse pressure gradlents at equivalent tip speeds below
1200 feet per second. T

The passage area, talkesn perpendicular to a mﬁanrflow-path
line formed by rotating each radial blade elemsnt into an axial
crogg-gectional plane of the impeller, was ccnstant.

The blade curvature of impeller A (fig. 2(a)) corresponds to
that of a parabola on the developed surface of the cylinder._ This
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curvature extends the full depth of thé impeller and is so orlented
that a particle following the blade with a constant axial veloclity
would have a constant angular acceleration. The blade curvature of !
impeller A 1s nsarly the seme as that of the 4-inch inducer of ref- :
erence 1. ’

The blade curvature of impeller B (fig. 2{b)}) wae formed in the
same marmer ag that of impeller A but, for impeller B, the blade B
carvature corresponds to an ellipse on the developed cylindrical '
surfaca, This curvature also extends the full depth of the lmpeller.
A particle following the blade of impeller B would have a higher
initial value of angular acceleration than a particle following the
bilade of lmpeller A, and it would have a decreasing rate of angular
acceleration as 1t progressed through the impeller.

The blade surface of Impeller C was formed in a different manner -
Trom the blade surfaces of impellers A and B. The blads elements
are nonradial but are luclined in the dlrectlon of rotation

Q . B _ . i . .
7% to a radiel line at the impeller dlacharge. The inlet portion

of the blade surfaces for the first 60 percent of the impeller axlal '
depth generates a circular cylinder and the remainder of the blade

surface generates & plane tangent to trhe circular cylinder. A

varticle following the blade with a constant axial veloclty would o
have a higher initial wvalue of -angular acceleration than a particle

following the blade of impeller A or B, and it would havs a decreasing

angular acceleration as 1t progressed through the impeller,

When the air 1s assumed to flow along the surface of the impellier
bledes (the assumption of an infinlte mwber of blades), the rate of
pressure increasc at the entrance, owing to the increase in angular
velocity, would be loweat for impeller A and increace in the order 4,
B, end C for the three impellers. For the configuration of the thres
impellers and the agepumptlion of an 1nfinite number of blades, the -
average angular veloclty leaving the impeller would be highest for
impeller C and lowest for impeller A. At the discharge the alr _ .
veloclty of impellers A and B would bhe the same at the maximum s
inpeller depth, but at all other points at the discharge the alr
valoclty of impeller B would be hlgher than that of impeller A.

APPARATUS AND PROCEDURE
Test Rig «

A varlable-component compressor test rig conforming to the
recommendations of reference 3 was uged for this Iinvestigation. A ,
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schematic view of this apparatus ls shown in figure 4. The collechor
casing 1s enclosed in an lnsulating box, the walls of which are
composed of one-quarter inch of hard asbestos, 1 inch of insulating
board, and one-half inch of plywood. The impellers were driven

with a 1500-horsepower induction motor through a step-up gear. The
collector casing waes mountsd separately from the gear box to rveduce
heat transfer between it and the geer drive. The arrangement of the
equipment is shown in figure 5.

The lmpelleres were tested in conjunction with a 24-inch-dlametex
vanslege diffuser of constant area. Every component part except the
impeller was the same Ffor all tests.

Instrumentation

The equipment was inatrumented with thermocouples and pressure
taps and tubes located in conformance with reference 3. This
instrumentation provides an entrance measuring station 2 pipe
diameters upstream of the impeller, and two discharge measuring
stetions 12 pipe diameters downstream of the collector casing. In
addition to the standard instrumentation, pressure and temperature
moasurements were taken at the diffuser dlscharge. Three shislded
total-pressure rakes composed of five tubes each were egqually
spaced around the diffuser circumference for the pressure measure-
ments. These rakes were insensitive to angle of yaw up to +44°.
Two calibrated thermocouples were placed midwey between the front
and rear diffuser surfaces 180° apart for the temperature measure-
ment. These thermocouples were a high-recovery type, insensitive
%o angle of yaw up to £20° and similar to the Pratt & Whitney probe
described in reference 4. The total pressures and temperatures
measured at the diffuser discharge were used for the comparative
performance of the impellers in this investigation.

Each impeller is charged with the pressure loss that occurs in
the diffuser but not with the loss in dynamic pressure that occurs
in the large collector chamber. The temperature meassurement at the
diffuser discharge was used because 1t has been found that this
procedure allows the performance to be correlated at all inlest-air
temperatures, whereas the performsnce based upon discharge-pipe
temperatures does not correlate at all inlet-alr tempsraturss. At
arbient inlet-alr temperatures, the efficiencies based on the
diffuser-discharge temperatures were as much as 0.04 lower than
those based on temperatures measured in the discharge pilpe.
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Procedure

All three impellers were investigated with atmospheric and
refrigerated Iinlet alr in accordance with references 3 and 5. For
each teat the equlvalent tlp speed was held conatant and the volume
flow was varied in steps from maximum flow to heavy pulsation. AL
all points except that for the loweat pressure ratic at maximum
flow, a discharge pressure of 338.50 lnches of-mercury absolute was
nmeintained, The range of equivalent tip epeeds was 900 to 1600 feot
per second for impellers A and B, and 8Q0C to 1500 feet per second
for impeller C. '

STMBOILS

The aymbols ueed in thie report are listed here for convenlence:

Dy impeller-discharge diamater, feet
Pg,1 inlet stagnation pressure, inches of mercury absclute
Py .2 discharge stagnation nrassure, inches of mercury

? absolute

Pt,Z/Pt,l prescsure ratio

Q,1 volume flow based on inlet stagnation conditions, cubi.c
foet per minute

Qt,lﬁ/ﬁ'Dzz gpecific capacilty corrected to sesa-level conditions,
cubic feet per minute per square foot

Ty, 1 inlet stagnation tempevature, °R

U actual impeller tip aspeed, feot per second

UA® equivalent tip epeed; actual tip apeed carrectad tv
gea-level conditions :

Nad adiabatic temperature-rise ratlic or adiabatic efficlency

8 ratlo of actual inlet sbagnation temperature to standerd

NACA sea-level temperature
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RESULTS AND DISCUSSION
Impeller Efficiency

The variation of peak adiabatic efficlency with equivalent tip
speed for the three impellers is compared In figure 6. At an equiv-
alent tip speed of 900 feet per second, impeller A had a peak adia-
batic efficliency of 0.78, and the peak adiabatic efficiency decreased
to 0.77 at an equivalent tip speed of 1100 feet per second, to 0.68
at 1400 feet per second and to 0.56 at 1600 feet per second. The
rate of change in peak adiabatic efficiency was greatest hetween
equivalent tip speeds of 1400 and 1500 feet per second for impeller A,

At an equivalent tip speed of 900 feet per second, impeller B
had a peak adiabatic efficiency of 0.82 and the peak adiabatlic effi-
ciency decreased to 0.78 at an egquivalent tip speed of 1100 feet per
gecond, to 0.67 at 1400 feet per smecond, and to 0.53 at 1600 feet
por second. The rate of change in peak adiabatic efficiency for
impeller B wae greatest hetween equivalent tip speeds from 1300 to
1400 and from 1500 to 1600 feet per second.

At an equivalent tip speed of 800 feet per second, impeller C
had a peak adiabatic efficlency of 0.80 and the peak adiabatic effi-
clency decreased to 0.75 at an equivalent tip speed of 1100 feet per
second, to 0.59 at 1400 feet per second, and to 0.54 at 1500 feet
per second. The peak adlabatic efficlency of impeller C decreased
abruptly between equivalent tlp speeds of 1200 and 1300 feet per
gecond,

Impeller B, with the elliptical blade curvature, had the highest
peak adiabatic efficlency at all equivalent tip speeds except 1400 and
1600 feet per second. Impeller A, with the parabolic blade curvaturs,
decreased in peak adiabatic efficiency at approximately the same rate
as Impeller B, and the greatest difference between the peak adiabatic _
efficiency of the two impellers was 0.04 at an equivalent tip spsed
of 900 feet per second. At equivalent tip speeds of 1400 and o
1600 feet per second, impeller A had the highest peak adiabatic effi-
ciency of the three impellers. Impeller C, with the circular blade
curvature, had the lowest peak adiabatic efficlency at equivalent
tip speeds higher than 1000 feet per second. Up to an equivalent
tip speed of 1200 feet per second, the peak adiabatic efficiency of
impeller C was no more than 0.03 lower than that of impeller B, but
at equivalent tip spseds of 1300 feet per second and higher, the peak
adiabatic efficiency of impeller C was 0.08 to 0.10 belcw that of
impeller B.
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Energy Addition and Pressure Ratioc . R

A comparison of the slip factors at peak adiabatlc efficiency
of the three impellers over the renge of equivalent tip spoeds 1s
shown in figure 7. The slip factor 1s defined as the ratio of tho
energy lmparted to the air to the energy that would be imparted 1Lf
the air were discharged with a tangential velocity component cgual
to the psripheral veloclty of the impeller. This factor 1s propor-
tlonal to the actual energy addltion lmparted to the alr by each
Impeller. Impeller C conalstently had the highest elip factor of
all three impellsrs and thercfore the highest actuasl energy addl-
tion at all equivalent tilp speeds. Impeller A had the lowest slip
factor at-all equivalent tip speeds and therefore the lowest actual
snexgy addition. This order is in agreement with that previously
determined from a consideration of the impeller designs. The slip
Tactors of impellers A and B were much closeT to eech other than
elther of them was to the slip factor of impeller C. Tho slip
factors of all three impellers tended to increase with oquivalont
tip speed.

The pressure ratios at peak adiahatic efficlency for the throe
impellexs are compared st various egquivalent tip speeds iIn figure 8,
For each of the three lmpellers, the pressure ratio for the peak
adliabatic efficiency at a given squivalent tip speed was within
1 percent of the corresponding peak pressure ratio. Impeller C had '
the highest pressure ratio at all equivalent tip speeds up to
1200 feet per second. The pressure ratio-varled from 1.91 at
900 feet per second up to 2.72 at 1200 feet per second. Impeller B
had the second-highest pressure ratio at all equivalent tip speods
up to 1200 feet-per second, with a pressure ratlc of 1.82 at
900 feet per second up to a pressure ratioc of 2.61 at 1200 fest per
second. TImpeller A had the lowest pressure ratio over the range of
equivalent tip speeds from 900 to 1300 feet por second, wlth a pres-
sure ratio of 1.77 at 900 feet per second and a pressure ratio ot
2.50 at 1200 feeot per second.

Up to an eguivalent tilp speed of 1200 feet pex second, the pros-
sure ratios of all three lmpellersg increased with. cguivalent tip
speed at approximately the same rate and the relation betwsen the
pressure ratlas of the three ilmpellers was unchanged, At equivalent
tip speeds higher than 1200 feet per second, the relatiun betwcen
the pressure ratios of the three impellers changed freguently. At
an equivalent tip specd of. 1300 feeL per second, the pressure ratio
at peak adiabatic officiency of impellors A, B, and C was 2.85, 2.92,
and 2.87, respectively; at 1400 feet per second, it was 3.21, 3.13, !
and 3.05, respectively; at 1500 feot per second, it was 3.2L, 5.37, '
and 3.21, respectively.
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The rate of increase 1n pressure ratlo with cguivalent tip
speed dropred to zoro for impeller A between 1400 and 1500 feet per
gsecond; 1t decreased in velue for impellur C at 1200 feet per
second; and it drcpped off increzusingly at equivalent tlp speeds
above 1300 feet per second for lmpellsr B. The varlation of pres-
sure ratlo at peak adisbatic efficiency with equivalent tip speed
was more nearly the same for the bthree lmpellers than was the varia-
tion of slip factor or peak adiasbatic efficiency with equivalent
tip speed.

FLow Chawactexistics

The maximum specific capacity Inereased wlth increasing equiv-
alent tip speed at nearly the same rate for all three impellers
(fig. 9). Tmpeller C had the highest maximum specific capacity,
which varied from 8850 to 7925 cublc feet per minute per square
foot at equivalent tip speeds from 8C0 to 1500 feet per mecond,
refpectively. Impeller B, walch had nearly the sams maxXimum
sreciflc capacity as impeller C, varied from 6650 to 7904 cubic
feet per minute per square foot at eguivalent tip speeds from
800 to 1500 feet per second, respectively, and to 7984 cublc feet
per minute per square fcot at 1600 feet per sécond. Tmpeller A
had the smallest maximum specific capacity, which varied from
6100 to 7500 cubic feet per minute per square foot at equivalent
tip speeds from 800 to 1600 feet per second, respectively.
Impeller C with the highest initial blade loading had the highest
maximum specific capacity of the three lmpellers and impeller A
with the lowest iniltial blade loading had the lowest with a maximum
apecific capacity 6 to 11 percent smaller than that of impeller C.

COperating Range o

The performance characteristics of impellers A, B, and C are
presented in flgure 10, where the pressure ratios at each eguiva-
lent tip speed are plotted against specific capacity. Contour )
lines of constant adlabatic efficlency ars also shown on these
figures. For a <omparison of the performance of these impellers,
the useful operating range is defined as the range of specific capac-
ity in which the adisbatic efficlencles are greater than 0.70. These
operating ranges are determined from figure 10. The useful operating
range at any constant pressure ratio willl lie within the 0.70 adiabatic-~
efficiency lines or be limited on the minimum end by the occurrence
of surge. The operating ranges at adiabatic efficiencles above
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0.70 for pressure ratios of 1.80, 2.2Q, 2.60, and 3.00 for impel-
lers A, B, and C follow: ' '

Pres-{Specific capacities at upper and lower
sure 1limit of operating range

¥8%10| Typeller A | Impeller B | Impeller C

1.80{ 2800-6200 | 3000-8700 | 4750-6500
2.20{ 3800-6500 | 4500-7050 | 550G0-6750 .
2.60] 4700-6700 | 5400-7150 | 6250-6650
5.00] 5750-8700 |=m=mmmamamesfammmamanaaaa

At a pressure ratio of 1.80, impsller B head the greatest operating
range of all three impellers but, at pressure ratios of 2.20 and
above, Impeller A had the greatest operating range. Impeller C had
8 muck smaller operating range than elther impeller A or B at pres-
sure ratiocs from 1.80 to 3.00. KNelther impeller B nor ¢ bad adia-
batic efficiencles as high as 0.70 at a pressure ratio of 3.0,

At equivalent tip speeds of 1400 and 1500 feet per second, the
clogure of the throttles that varied the specific capeclty was
limited by surge for all three impellers; the specific capacity at
surge wag therefore nearly the same as the maximum specific capacity;
which resulted in virtually no definable operating range at these
speeds. Impeller B exhibited an operational Ilnstabllity near the
maximum specific capacity at equivalent tip speeds higher than
1300 feet per second and impeller C, a similar instability at 1200
and 1300 fset per second. The paramsters of pressure ratio and spe-
cific capacity are inadequate to describe tho lmpeller performance
in this instability region when several speeds are plotted on the
same flgure. The highest four speels of impellers B and C are
plotted seperately in figures 11 and 12, respectively, om the specilfic-
capaclty and pressure-ratlo parameters; the dashed lines show the
oxtent of the operational instabllity, which was characterized by low-
frequency, high-amplitude pulsations of the inlet and discharge pres-
gurcs and by inflection polnts on the performance curves. The data
in the reglon of operational insgtability were teken at points
relatively free from pressure pulsatlon.

An impeller tested at the Cleveland laboratory was also found
to have virtually no definable operating range at high speeds. With
the aié of a surge inhibitor, a gtable operating range was found at
higher pressure ratios than those at which surge occurred without
the inhibitor. The surge inhibitor provided a means of passing through
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an unstable operating region that was similar in many respects to
the unastable operating regions encountered with impellers B and C.
Probably stable operating ranges at pressure ratios highor than
those limited by surge also exist for the impellers of this investi-
gation. Both the operationel instability and the lack of an
appreciable operating range occurred only at hlgh squivalent tip
speeds; the velocity gradients along the mean flow path of the
impeller at these speeds were greater than the maximum value assumed
in the design of the passage area of these impellers,

SUMMARY OF RESULTS

An investigation of the effect of angular curvature, or rate
of adding angular velocity, of impeller blades has shown for the
three blade forms tested '

1. Tmpeller B, with the elliptical blade curvature, had the
highest peak adiabatic efficiency at all of the equivalent tip
gpeeds except 1400 and 1600 feet per second. Impeller A, with the
parabolic blade curvature, had thie highest peak adiasbatic efficiency
at equivalent tip speeds of 1400 and 1600 feet per second. '
Impeller C, with the circular blade curvature, hed the lowest peak
adiabatic efficiency at equivalent tip spesds higher than 1000 feet
per second. For the rangs of tip speeds Iinvestigated, all three
impellers decreased in adigbatic efficiency with increasing tip
speed.

2. Tmpeller C had the highest slip factor of all three Impellers.

3. The variastion of pressure ratioc at peak adlabatic efficiency
with equivalent tip speed wae moie nearly the same for the three
impellers than the variation of slip factor and pesk adiabatic
efficiency. Impellsr C had the highest pressure ratios at equiva-
lent tip speeds as high as 1200 feet per second, impeller B had the
highest at 1300 and 1500 feet per second, and 1mpeller A had the
highest at 1400 feet per second. e

4, Tmmeller C had the highest maximum specific capacity at all
equivalent tip speeds up to 1500 feet per second. Tmpeller B had
nearly the same maximum specific capaclty as impeiler C and
impeller A had & maximum specific capacity 6 to 1l percent smaller
than that of impeller C.
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5. Impeller B had the largest useful operatling range at a nros~
sure ratio of 1.80; impeller A had the largest useful opereting ranpe
between pressure ratlos of 2.20 to 3.00; and imyeiter C had tho
smallest useful operating range at all pressure ratics.

6. Impellers B and C exhibited an operationel instzbility at
high squivalent tip epceds near the maximm speciliic capaclby.

Flight Propulsion Research Laboratory,
Natlonal Advisory Committec for Aeronautics )
Cleveland, Ohio, Fuobrvary 21, 1947.
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Pressure ratio at peak agiabatic efficiency, Pt,z’pt,l
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